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INTRODUCTION
To face today's fierce competition in the automotive industry, engineers have been forced to constantly reduce development costs and shorten delivery time without sacrificing quality of their products. CAE is a viable tool to help engineers achieve those aggressive goals. However, the concerns regarding the accuracy of a CAE model and the time to build a complex model are still major barriers that can limit CAE application in many areas. Numerous efforts have been devoted to CAE model correlation to improve simulation results. Among those efforts, to identify proper modeling techniques for simulating boundary conditions such as a rigid link can be very important. Many simplified modeling techniques can be used but they could produce different results such as stress and strain responses. On the other hand, sophisticated modeling techniques using nonlinear method can dramatically increase the simulation cost and time. Furthermore, manually updating analytical models to obtain good correlation has been used for many years. It has led to a very time consuming and frustrating process. Recently, optimization techniques have shown great promise in design synthesis as well as in experimental correlations [1] [2] [3] [4] . By applying the optimization method to a linear static analysis, this paper will show how to identify the equivalent boundary condition of the finite element model by correlating analytical strains with test measurement. Specifically, the rigid bushing connection of an aluminum control arm under static load is investigated. The optimization technique is applied in search for the optimal boundary condition. The results will show that simple linear spring elements could be used to simulate the boundary condition to achieve very good correlation.
Though the simple structure is used in the study, the method can be potentially applied to many other similar applications.
EXPERIEMENT DATA AND FE MODEL
An automotive aluminum suspension control arm was used in the study. The control arm was connected to the rigid test bed through two solid aluminum bushings respectively. The load was applied by a hydraulic actuator through a third joint connection. The test setup is shown in Fig.1 . The maximum in-plane principle strain at certain locations was measured under static load, for different load levels for the purpose of a FE model correlation.
Figure 1. Experimental Test Set Up
A FE model of the control arm was also created by using the second order tetrahedral elements (Fig. 2) There are different ways to model the boundary condition for the hard bushing connection in a linear static analysis. Frequently, both rigid elements and spring elements were used to model the boundary connections of the bushings when the local region near the bushing is not the major concern. The dependent nodes of the rigid element in a spider shape connect the bushing internal surface while the one independent node of the rigid element connects the bushing center.
The independent node of the rigid element is then grounded by both the translation and the rotation spring elements in all 6 degree of freedom (DOF). Similarly, the loading joint is also modeled by both the rigid and the spring elements. However, its spider center is only constrained by springs in 5 DOFs. The load was applied at the unconstrained DOF. The stiffness values of these total 17 (2x6+5) springs could be adjusted automatically by optimization algorithm in order to match the calculated strains with the strain measurements at the same specified locations.
GENESIS optimization software was used to conduct the search for optimal spring stiffness values.
Figure 2: Finite Element Model of the Control Arm
Since it does not change during the optimization iterations, the control arm model is reduced by the static condensation method to improve computation efficiency. Additionally, in order to get more accurate results, the average maximum in-plane principle strain of the nearby elements at the specified locations is calculated for matching the measurements.
OPTIMIZATION
The optimization process generally involves the following steps:
Select design and response parameters Define the optimization problem which includes setting the bounds of design parameters, defining the objective function and the constraints Select the optimization algorithm Monitor and post-process the results
The 17 spring stiffness values were selected as design parameters based on the discussion above. Among all the measurement locations, only 6 locations over the control arm are selected (see Fig. 2 ) for strain correlation. Minimizing the difference between the calculated strains and the experimental strain measurements at those six locations is set as optimization objective function. A special matching algorithm provided by GENESIS software is used. For more details about the algorithm, please refer to GENESIS user's manual [5] . The algorithm basically minimizes the difference between the calculated and the targeted (or measured) strain responses at the specified locations. The initial stiffness values used for all connection springs are between 100-1000 mN/mm.
RESULTS AND DISCUSSION
After several iterations, the optimization process was convergent in searching for an optimal solution and the objective history is shown in Figure 3 . The left y-axis shows the objective value and the right y-axis shows the normalized objective value with respect to the first iteration objective value. Table 1 shows the comparison of the final correlation results. The maximum difference between the calculated and the measured maximum principle strains at all of the six locations was found to be about 10%. This small difference indicates that a very good correlation is found by considering all possible manufacturing and experimental errors, which are to be discussed later. Table 2 provides the optimal bushing stiffness values of the correlated bushing connection model. As described before, those stiffness results are based on the linear approximation of the real physical boundary condition.
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CONCLUSIONS
It presents an equivalent numerical boundary constraint that the control arm FE model can generate the same strain field as seen in the physical test. A good correlation result has been achieved in obtaining the simplified spring boundary condition of the control arm under the linear static load. The validated CAE model can provide higher design confidence and reduce possible design iterations. The study also proves that optimization techniques can significantly speed up the CAE model correlation process.
To improve the correlation accuracy, the global displacement is generally suggested as the preferable correlation target or at least the first step correlation target instead of the local strain. Though the simple control arm structure was used in the study, the method can be potentially applied to many other similar applications. During the investigation, the following issues have also been addressed:
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Experimentally, there are many sources of errors that could lead to inaccurate test measurements. One of these possible errors is the geometry difference between the analytical CAD model and the geometry of the physical part. In the study, to correct this geometry error, the control arm was reverse-engineered using a laser scanning system to create an accurate CAD model. Other possible sources of errors could include material in-homogeneity, manufacturing tolerance and residual stress, and temperature, etc. Many of these errors are highly localized and unpredictable. Since it is relatively insensitive to local effects mentioned above, the global displacement data is better served as the correlation targets than local strains. 
